I N A recent publication Groedel' reports that he has found significantly large potential differences between three central terminals each connected to a separate set of three limb electrodes.
I N A recent publication Groedel' reports that he has found significantly large potential differences between three central terminals each connected to a separate set of three limb electrodes.
He does not mention the size of the resistances between the limb electrodes and the central terminals.
One central terminal was attached to electrodes near the junctions of the extremities with the trunk, one to electrodes near their distal ends, and the third to electrodes near the second joints.
The largest potential difference observed amounted to approximately 0.5 millivolt.
It was stated that "a final electrophysical explanation" could not be given.
The conclusions, however, were "that at the central terminal there is a considerable potential, which is neither zero nor approximatel>. zero," and "that the central terminal offers no practical advantage for its further use in obtaining so-called unipolar chest leads."
It is not our purpose'here to attempt either to prove or to disprove that the potential variations of a central terminal connected to the limb electrodes through large resistances are negligible, but rather to explore the situation which exists when several central terminals are joined to electrodes on the limbs in the manner specified.
METHODS
Two metal electrodes approximately 1.0 cm. in diameter were placed in the midsternal line and connected to the output terminals of a beat-frequencloscillator.
In this way a low-frequency (2.5 cycles per second) alternating current of 0.35 to 0.5 milliampere was introduced into the chest of a normal subject. The strength of the electrical field thus set up in the body could be varied either by changing the size of the current or by changing the distance between the input electrodes.
Our purpose in creating an artificial electrical field, instead of studying that associated with the heart beat, was to place the intensity of the field under our control and to substitute a simple wave form for the complicated electrocardiographic deflections. Five German silver electrodes of the pattern commonly used in electrocardiographic studies were placed on each of the three extremities from which the Experiment l.-In this instance the current and the distance between the input electrodes were adjusted in such a way as to yield deflections in Leads II and III of the maximum size that could be conveniently recorded simultaneously with Lead I on bromide paper 6.0 cm. in width.
The electrocardiograph was operated at its normal sensitivity.
The input current was 0.35 milliampere and it was maintained at this value with the aid of a milliammeter.
All deflections were measured to the nearest 0.5 millimeter.
Leads from the A to the R electrode on each extremity were taken before and after a central terminal was connected directly, that is, without resistances, to one of the sets of distal electrodes, and after first one, then a second, and then a third central terminal was connected through 5,000 ohm resistors in successive steps. Finally, the potential differences between the central terminals connected through resistors were recorded; that is, the single potential difference when only two were connected, and the three potential differences between the different pairs when three were connected.
Strips of the tracings obtained are reproduced in Fig. 2 . These were cut in such a way as to avoid sections where the sine waves were distorted by the subject's electrocardiogram.
The standard limb leads show very large deflections in Leads II and III and these are out of phase with the small oscillations in Lead I. Consequently, the algebraic sum of the deflections in Leads I and III is 43 millimeters.
The deflections in Lead II measure 40 millimeters. Before any of the distal electrodes (2, 2, and 3) were connected through a central terminal the oscillations in the leads from the A to the B electrode on each of the three extremities (labeled R, L, and F) were so small as to be barely visible. At this time, therefore, the currents flowing through the internal tissues of the extremities toward or away from the trunk were of negligible magnitude. When a central terminal was joined to a set of distal electrodes without intervening resistances, the deflections in these same leads approached those of Lead I in size. On the other hand, they were not much larger after than before a central terminal was attached to the same set of limb electrodes through 5,000 ohm resistors.
They increased in amplitude when a second, and again when a third central terminal of the same kind was connected, but the currents flowing through the limbs were only about two-thirds as large after the connection of three central terminals through resistors as they were after the connection of one terminal without resistors. When two central terminals were connected to the extremities through resistors, the difference in potential between them was small. When three central terminals were connected through resistors, the differences in potential between the different pairs were somewhat larger and not all equal. The largest oscillations recorded by leading from one terminal to another are about 1 Experiment Z.-In order to obtain larger deflections a second experiment was performed in which the maximal current (0.5 milliampere) which the oscillator was capable of producing was employed. At the same time, the distance between the input electrodes was made as large as possible so as to give the electrical moment, which is measured by the product of the current and the distance between the electrodes, the greatest value attainable.
In addition, the records were taken with the electrocardiograph operating at double its normal sensitivity.
Under these circumstances the potential variations of the extremities were naturally of such great magnitude that it was impossible to record the deflections in Leads II and III.
The potential differences between the Electrodes A and B and between the central terminals were recorded exactly as in Experiment 1.
The tracings obtained are reproduced in Fig. 3 . Before any of the distal electrodes were joined to a central terminal the deflections in Leads R, L, and F, which are a measure of the currents flowing in the extremities, were slightly larger than those recorded in our first experiment under the same circumstances, but still extremely small. They became very large, however, when a central terminal was connected, without. intervening resistors, to the limb electrodes of Set 1. The increased flow of current along the limbs was accompanied by a 50 per cent increase in the voltage of the deflections of Lead I. It will be noted that the large current in the leg (F) was 180 degrees out of phase, while the currents in the two arms (R and L) were in phase, with the potential differences which this lead recorded. , Since the line joining the input electrodes was nearly parallel to the long axis of the trunk, the potential of the left leg was positive when the potentials of the two arms were negative, and vice versa. Consequently, the leg current was flowing toward the central terminal when the arm currents were flowing away from it, and conversely.
It should be noted that the relative amplitude of the oscillations in Leads R and L measures the relative magnitude of the IR drops between the A and B electrodes on the two arms and not necessarily the relative magnitude of the currents flowing in these extremities. There is, however, little question that in this particular instance the current in the left arm was considerably larger than that in the right; this was the cause of t-he increased voltage of the deflections in Lead 1.
When a central terminal with resistances of 5,000 ohms was substituted for the central terminal without resistances, the deflections in Lead I decreased to their original size; the amplitude of the oscillations in Lead R fell from 6.0 to 3.0 mm.; that of the oscillations in Lead L, from 16 to 3 mm.: and that of the oscillations in Lead F, from 30 to 8 millimeters. When a second, and then a third, central terminal with resistances were connected, these oscillations became larger again, .particularly in Leads R and F. The failure of the current in the left arm to increase more than it did when the second and third terminals were added is rather surprising; it may be that the resistances of the areas of skin beneath the Number 2 and Number 3 electrodes on the left arm were large in comparison with the skin resistances beneath the corresponding electrodes on the other extremities.
It will be noted that the disproportionate increase in the All of the potential differences between the central terminals, with one exception, were so large that they could not be satisfactorily recorded. The last two strips of record in Fig. 3 show the effect of throwing a millivolt into the electrocardiographic circuit at the beginning of the experiment, and again at the end. The sensitivity of the instrument decreased slightly during the interval which elapsed between the two tests. DISCUSSION It is evident that the phenomena described were dependent, in one way or another, upon the absolute and relative magnitudes of the resistances, or other parameters, of the circuits established by connecting one or more central terminals to the electrodes on the limbs. The circuit elements referred to are indicated in the diagram reproduced in Fig. 4 . The five electrodes, A, B, 1, 2, and 3, on each of two extremities are shown, together with the resistances, R,, RI,, Rx, and so forth, between them and the internal tissues. The resistances of the internal tissues of the segments of the extremities between the various electrodes and between the A electrodes and the poles of the battery El, which represents the open-circuit potential difference between the two extremities, have been assigned the symbols r,,, rb, 7 *, and so forth.
To avoid complications the third extremity is not included in the diagram.
When it is necessary to distinguish between the circuit elements of one extremity and those of another, we shall use unprimed symbols when referring to circuit elements associated with the right arm, primed symbols for the corresponding elements associated with the left arm,. and double-primed symbols for those associated with the left leg. The symbols A, A ', and A", for example, refer to the A electrodes on the right arm, left arm, and left leg, respectively.
For the equal resistances in the branches of the central terminal we shall use the symbol R.
The circuit diagram of Fig. 4 is very much like that of a Wheatstone bridge, but has three branches connected in parallel instead of only two. These are the branches in which the central terminals lie. It is clear that the voltage drop in each of them is equal to the difference in potential between the nodes X and X'. The potential of each of the central terminals, with reference to that of either of these nodes, is determined by the ratio of the two resistances (or sums of resistances) which separates the one from the other. The potential of the terminal connected to the two Number 3 electrodes is, then, determined by the ratio (R+ RJ : (R + R'I) ; that of the terminal connected to the Number 2 electrodes, by the ratio (R + RZ + 7,J: (R + R'z + Y',J) ; and that of the terminal connected to the Number 3 electrodes, by the ratio (Rf Rs+ 7,+ ra): (R+ 12'3 + r'.+ r'd).
When these three ratios are equal, the three terminals are necessarily always at the same potential, and when any two of them are equal, the potentials of the corresponding terminals are equal. If the two equal resistances R are very large in comparison with the differences in magnitude between the members of each of the other pairs of resistances involved, the differences in potential This procedure would insure that all of the central terminals would be at the same potentiale2 When each of the different central terminals is connected to three limb elecm trodes instead of two the situation is considerably more complicated, but the principles involved are the same. There are then three nodes, X, X', and X". and the potential of each terminal with respect to them is determined by two ratios.
In the case of the terminal connected to the Number 1 electrodes, these ratios are defined by the expression (R + R,): (R + R'r): (R + R" ,i,
The corresponding ratios for the other terminals are the following: (R + Rz + rd): (R + R'x + r'd): (R + R"* + r'ld) and (R+ RQ+ rd+ re): (R+ Rr3+ rtd+ rtej: (R+ Rtfs+ Yd+ Y",). If these ratios are equal the potentials of all three terminals must be the same.
The Leads K, L, and F in our experiments recorded the voltage drops across the resistances rb, r'b, and r"b, respectively.
Consequently, the deflection in each of these leads represents the product of the corresponding resistance and the current flowing through it. Since the resistances involved are those of the internal tissues, it may be assumed that they did not vary.
The currents, on the other hand, were determined by the ratios of the voltages acting in the respective circuits to the total resistances in these circuits.
When the resistances between the limb electrodes are equal the equations which define the currents in the branches of the central terminal, and therefore in the extremities to which they are connected, are of the following type:
Ez+ ES iF = RT-/-3RF+ 3R
Here ir is the current in the left leg; Ez and E 3 are the open-circuit voltages in Leads II and III, respectively; RT is the resistance of the trunk; RF is the total resistance of the left leg, and therefore represents the sum of the skin resistance and the resistance of the inner tissues; and R is the value of the equal resistances in the branches of the central terminal.
It is obvious that when R is large the currents in the extremities are small. When it is very large in comparison with the resistances in the limb leads, each of which is the sum of the resistances of two extremities plus the resistance of the trunk, the current in a given limb will be strictly proportional to the algebraic sum of the open-circuit voltages in the two standard limb leads in which that limb is attached to the electrocardiographic terminals.
In this case inequalities of the skin resistances will have no significant effect upon the potential of the central terminal.
When R is small the opposite will be the case. The flow of current through the extremities will be large, and this will not only increase the effects in question but may give rise to others due to polarization in the skin. What may happen when the resistances in the arms of the central terminal are dispensed with is, therefore, unpredictable.
Connecting three central terminals to separate sets of electrodes may be expected to have about the same effect upon the size of the currents in the limbs as that produced by reducing the magnitude of resistances in the arms of the central terminal by two-thirds.
